We report on the growth and structural and morphologic characterization of stacked layers of self-assembled GeSn dots grown on Si (100) substrates by molecular beam epitaxy at low substrate temperature T = 350 °C. Samples consist of layers (from 1 up to 10) of Ge 0.96 Sn 0.04 self-assembled dots separated by Si spacer layers, 10 nm thick. Their structural analysis was performed based on transmission electron microscopy, atomic force microscopy and Raman scattering. We found that up to 4 stacks of dots could be grown with good dot layer homogeneity, making the GeSn dots interesting candidates for optoelectronic device applications.
Introduction
The epitaxial growth of self-assembled Ge dots on Si has been studied for several decades [1, 2]. When depositing a few monolayers (ML) of Ge on a Si substrate, the lattice mismatch between Ge and Si results in the growth of Ge dots by the well-known Stranski-Krastanov mechanism [3] . The size and distribution of the Ge dots are strongly influenced by the growth parameters used. When multiple layers of Ge dots are grown, each Ge dot layer is capped by Si that forms a spacer between adjacent Ge dot layers.
This Si cap also modifies dot properties such as material composition, dot geometry and strain [4, 5] . The carrier confinement inside the Ge dots embedded in a Si matrix influences optical properties [6] . This confinement effect makes Ge dots particularly interesting for optoelectronic device applications such as photodetectors.
Recent years have seen increased efforts in the search for all-group-IV light emitters.
While progress on solely Ge-based light emitters has been made [7] , a large amount of research has been devoted to investigating Ge 1-x Sn x alloys as a candidate for a group-IV direct band gap material [8] [9] [10] [11] [12] [13] [14] [15] . Lasing was observed in the partially relaxed directbandgap alloy Ge 0.874 Sn 0.126 on Si [16] . Ge itself is an indirect band gap material whose conduction band minimum is located at the L-point. However, Ge also has a local conduction band minimum at the Γ-point whose value can be lowered by tensile strain or by introducing Sn to form Ge 1-x Sn x alloys. The crossover of Ge 1-x Sn x from an indirect to a direct band gap material as a function of Sn content has been predicted to occur for a value of x between 0.06 and 0.1 for the unstrained material [8, [17] [18] [19] . For pseudomorphic Ge 1-x Sn x, the crossover from an indirect to a direct bandgap has been predicted to occur at x ≈ 0.17 [20] or x ≈ 0.19 [21] .
The growth of GeSn alloys by molecular beam epitaxy remains challenging because of the large (17 %) lattice mismatch between the end member crystals and the instability of the diamond-cubic structure of α-Sn above 13 While the above approaches were concerned with growth of bulk GeSn, several approaches have been tried to produce Sn or Ge 1-x Sn x nanostructures, namely: Sn dots were grown on Ge [24] , Ge 1-x Sn x dots were grown on thin SiO 2 layers on top of Si (111) substrates [25] and Sn nanostructures were also embedded into a Si or Ge matrix by annealing of SiSn or GeSn films [26] . So far, none of these approaches have lead to direct bandgap nanostructures that were embedded within Si or Ge devices. The growth of a few monolayers of Ge 1-x Sn x , in conditions to reach to the formation of selfassembled Ge 1-x Sn x dots, could potentially be a means to realize direct-bandgap nanostructures embedded in Si. The present study is focused on the growth and study of multiple stacks of GeSn self assembled dots that form directly on Si (100) by depositing few monolayers of Ge 0.96 Sn 0.04 . Adjacent dot layers are separated by Si spacer layers.
The motivation for this is twofold: on the one hand, many optoelectronic device applications need the dots fully embedded in a Si device structure such as a pin-diode; on the other hand, the optoelectronic response is, generally, enhanced using multilayer dot structures. Finally, exploring the self-assembled formation of GeSn dots with a comparatively low percentage of Sn in this study enables us to interpret many of our results in the context of previous research on Ge dots, and allows the design of new structures, with higher Sn amount.
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Experimental details
The samples were grown by molecular beam epitaxy (MBE) using an electron beam Raman scattering experiments were performed at room temperature in a back scattering geometry on an alpha300 R confocal Raman microscope (WITec), using a diodepumped solid state laser with a wavelength of 532 nm as excitation. The spot size of the excitation was ≈ 1 μm 2 with a laser power of ≈ 4 mW on the sample. The brighter Si spacer layers which separate the GeSn and Ge layers (darker layers) can clearly be seen in both samples, whereas dots are only observed in the GeSn/Si samples.
Results and discussion
The critical wetting layer (WL) thickness at which dot nucleation occurs is influenced by strain and substrate temperature. Since the addition of Sn atoms induces a larger lattice mismatch with respect to Si in the GeSn/Si samples compared to the Ge/Si ones, 7 the strain in the GeSn/Si system is higher than in the Ge/Si system. This results in a decrease of the critical wetting layer (WL) thickness for dot formation at a given growth temperature, when Sn is present in the lattice. It is also known that the critical thickness of the wetting layer at which the onset of dot formation can be observed increases when the growth temperature is decreased [31] . We can conclude that the growth parameters (mainly substrate temperature) used were appropriate for the dot formation in the GeSn/Si system but not for the Ge/Si reference sample, in which the critical WL thickness was not reached for a growth temperature of 350 °C. We note that this differs from the 11º slope of the {105} side facets that are observed in pyramidal "hut cluster" Ge islands on Si [36-38]. However, in our system the result of the shape of the dots on the surface is not only a consequence of the top most layer but also the accumulation of material below, as evidenced by the change in shape of the dots in the topmost layer as a function of the total number of dot layers below. 14 The AFM image of the 10-stack sample shows the presence of few large dots (see Figure 3a ) with a height of ≈ 15 nm. As can be inferred from the STEM image of the 10-stack sample (Figure 2c) , the larger dots seen by AFM on the top most layer do not form as GeSn-rich dots within one layer, but are the result of local material accumulation in the layers below. Excluding these large dots, the rest of the dots in the layers can be classified according to their height (and irrespective of their shape) in two categories: (i) "pre-dots", with a height between one and three lattice constants (in our case, 4 to 12 ML for diamond lattice) and (ii) "dots", which are higher than three lattice The dot density and size was estimated from the AFM measurements. Figure 3c shows, for all GeSn samples, the average size (diameter for round dots and side length for pyramid-like ones), height and the density of pre-dots and dots per µm 2 , with the respective standard deviations, as a function of the stacks number in the sample. It can be seen from Figure 3c that the number of pre-dots (black squares) decreases as the number of stacks increases, reaching a minimum density for the 3-stack sample. For a higher number of stacks their density slightly increases and seems to stabilize (the 4-and 10-stack samples have similar dot densities). The size first increases with the number of stacks, reaching a maximum at 2-and 3-stacks, then decreases slightly and stabilizes for larger numbers of stacks (Figure 3c) . Concerning the dots (red circles) it is seen that their density increases as the number of stacks increases (n ≥ 2), and that from layer 2 onward, the dot height increases with the number of stacks, while the 15 height of the pre-dots remains almost constant (consequence of definition of pre-dot).
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This behaviour of the dot height is consistent with the observation from the TEM study (Figure 2a) , where we observe vertical dot alignment between the 2 nd to 4 th layer, which can cause a progressive height increase for the dots as observed by the AFM measurement analysis. Again, we observe first an increase in dot size with increasing number of stacks and then a stabilization of the size for 2 or more layers.
It is reported that Ge dots of multi-layers of Ge in Si can acquire a lateral ordering of Ge islands [40] . We performed an analysis of the nearest-neighbor angular distribution function by computing the angles obtained from the lines connecting the center of each island its nearest neighbors with respect to (110) direction, for several hundred islands in each sample of the GeSn/Si series and found a homogeneous distribution of angles, which means lateral ordering does not take place in any of our samples. Concerning the Si-Si (LO-TO) mode in the Raman spectra of our samples, it is not possible to distinguish the contributions from the Si substrate, the buffer layer and the spacers (Figure 4a) , implying that the Si is crystalline everywhere in our samples.
The Ge-Ge and the Si-Si 2TA modes are both present in our samples at spectral positions that nearly coincide. In order to extract information concerning the Ge-Ge mode we subtracted the Si reference spectrum from the analysed spectra [41] removing the contribution of the Si-Si (2TA(X)) mode. By fitting the Raman spectra it is possible to obtain the peak position of the Si-Si, Ge-Ge and Ge-Si modes. Figures 4b and 4c show the dependence of the peak positions and the band areas of these modes upon the number of GeSn/Si and Ge/Si stacks. Note that the effect of the number of stacks and the presence of Sn on the position of this Ge-Si mode is small (≈ 1 cm -1 for GeSn samples and ≈ 2 cm -1 for the Ge reference samples).
From Figure 4b it is seen that the Ge-Ge peak position for all samples is also shifted to higher frequencies as compared to that in bulk Ge. Furthermore, it shifts with the number of stacks, which is not the case for the Ge-Si mode. Indeed, in the system studied here a shift in the peak position is expected because the Ge-Ge mode peak position is affected by the presence, in the lattice, of heavier atoms (Sn, which causes a red shift) and lighter atoms (Si, which causes a blue shift) and also by tensile strain along the axis normal to the surface (causing a blue shift as well). However, the shift observed for this mode in the GeSn/Si samples is quite large, in comparison with the bulk material (≈ 5 cm -1 for 1-stack sample and ≈ 8 cm -1 , for the 10-stack sample) and with the Ge/Si reference samples (≈ 3 cm -1 for 1 stack sample and ≈ 2.5 cm -1 , for the 10-stack sample). A possible explanation is that Sn preferably intermixes with Ge rather than with Si and the strain is introduced mostly in the Ge-rich regions.
Finally, the peak area increases proportionally to the number of stacks for both Ge-Ge and Ge-Si modes as shown in Figure 4c , which indicates that the layers contribute almost evenly to the scattering by these phonons involving vibrations of Ge atoms. The
Raman spectra of the GeSn/Si samples with 2-, 3-, 4-and 10-layers of GeSn dots, thus, include contributions from all layers. We nonetheless find that the number of stacks has a marked influence on the position of the Ge-Ge peak in the GeSn/Si samples. It seems reasonable to assume that there is not only a morphological evolution of the dot shape with the increase of the number of layers, as evidenced by AFM and TEM measurements, but also a variation of composition and strain between the different dot layers, which could explain this shift in Ge-Ge peak.
Conclusions
In summary, we grew samples with 1 to 10 stacks, each consisting of 5.5 ML of Ge 0.96 Sn 0.04 followed by 10 nm of Si, in order to obtain self-assembled GeSn dots embedded in Si and analysed their structure. We showed that it is possible not only to produce self-assembled GeSn dots in this way but, even more importantly from the technological point of view, to overgrow the GeSn dots using Si substrates making their incorporation into Si-based devices possible. The structural characterization revealed that in some aspects, such as the dot shape, GeSn/Si samples seem to differ from their Ge counterparts. Future studies will be focused on understanding in more detail the effect of Sn on the growth kinetics of GeSn dots.
Fabricating self-assembled GeSn dots on Si could be a way towards producing directbandgap nanostructures that can be embedded in Si. To be able to do that, however, GeSn dots with higher Sn content are needed and will be investigated in order to explore the potential of such GeSn nanostructures for optoelectronic devices applications.
